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METHOD AND APPARATUS FOR MEASURING AND ESmiATING OPHCAL 
SIGNAL TO NOISE RATIO IN PHOTONIC NETWORKS 

5 Field of the Inyentioii 

This invention relates to performance analysis in optical systems, and particularly to 
ttie determination of optical signal to noise ratio at different locations wiflun an optical 
communications network. 

10 BEtckg r oimd of the Inveation 

Optical signals suffer degradation between the tf ansmitt^ and receiver from such 
factors as noise, inter-symbol interference, fiber dispersion, non-linearity of the elements and 
transmfesion medium. In addition^ ia amplified wavelength division multiplexed (WDM) 
systems, the transmission characteristics vary from one channel to another due to the noa-flat 

15 gain and noise profile of erbium-doped fiber amplifiers (EDPAs). 

Distortion is defined as any inaccurate replication of a signal traosirdtted over a 
conummication hnk, and could origiaate in any network element (NE) along the link- It can 
be measured by assessmg the difference between the wave shape of the original signal and 
that of the signal at the network element of interest, after it has traversed the transmission 

20 hhk. 

In the last decade, transmission rates of data signals lave increased progressively, 
which has led to more complex and less tolerant transmission systems. For transmission at 
high rates, such as 40 or 80 Gb/s, the distortion of ih& optical link is a critical parameter. 
With various types of dispersion shifted fiber, dispersion conqjensatmg fiber and dispersion 
25 compensating elements that make up a given hnk, determimng the cause of a distortion in the 
received signal is no longer a simple operation, especially in optical transmission systems 
with in-line optical amplifiers, System performance degradation caused by noise and optical 
path distortions are also usually difficult to separate, making the performance evaluation 
complicated. 

30 In the evaluation of the characteristics of an optical fiber commanication system, the 

optical signal to noise ratio (OSNR) has been used as a parameter for performance 
evaluation. This parameter is particularly used in networks which utilise optical (photonic) 
switching arrangements for the routing or iorwarding of the user data, as the signals then 


remain in the optical domain as they traverse the network. The signal to noise ratio is 
QTpically determined by analysing the optical spectrum at the location of int^est. 

The optical switciiing arrangement in the node of such a network comprises a 
photonic cross connect, which is an optical switching fabric for selectively routing signals at 
5 the inputs to llie outputs. The iiq>uts may be provided with individual channels or widi 
grouped bands of channels. In either case, a multiplexing/demnlt^lexing arrangement is 
provided between the fiber which carries the WDM signal and the cross connect ports. 

bi such networl^, optical noise from spans leading up to a node passes through the 
node after being shaped by die multiplexers/denmltiplexers. Once a noise component has 

10 passed throu^ a node, it no longer has a constant slope frequency spectrum. Instead, die 
noise component follows the shape of the multiplexer/demultiplexer filtering function- 
However, conventional optical signal to noise ratio measurements rely on the noise having 
constant slope. One known technique involves measuring the signal level at frequencies on 
either side of the channel of interest. This signal Is considered tx> comprise only noise- since 

15 no signal is intended to be present at these inter-channel frequencies. A constant slope noise 
floor is assumed across frequency, to interpolate the noise appearing at the channel 
frequency. This gives an maccuxate indication of the noise level when there has been noise 
shaping as described above. 

Accurate knowledge of the optical signal to noise ratio is, however, required to enable 

20 accurate feult finding and analysis . 

It has also been proposed to measure OSNR using polaris^n extinction techniques. 
These tedmiques rely upon tihe fact that a data signal has a definite polarisation state, wh^eas 
noise is distributed over all polarisation slates. Signal strength and noise level is thus 
measured using a polariser. However, it is difficult to achieve sufficient extinction of the 

25 data signal when measuring the much smaller noise level, and the polarisation state of a 
signal wiQ evolve over time. These aspects make the jsrocess complicated and inaccurate. 

Time domain distinction techniques have also been proposed, by whidi the data signal 
is gated on and off. If die signal is gated sufficiently rapidly (faster fiban the response time of 
the Erbium doped fibre amplifiers witiiin the system), the noise will still be present when the 

30 signal is turned off, and can therefore be measured in isolation. This enables the noise to be 
measured at the chamel frequency, but requires interruption of the data signal and can not 
tiierefore be used in live systems. 
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There is a need fox an acx^ate OSNR m^sufement system wMcii can be used dtiring 
signal transmissioii^ which takes account of noise shaping resulting from optical filtering, 

In addition to OSNR, the performance of an optical system is also often defined by a 
parameter called Q, The Q valne (or Q-factor) indicates the *usefiil signal'-to-noise ratio of 
5 the electric signal regenerated by the optical receiver, and is defined as follows; 

where jiti is the mean value of the Ts, is the mean value of the "O's, is the 

10 standard deviation of the level of " l^s, and ao is the standard deviation of the level of 'O's, 
Hiese parameters can be understood from looking at die so-called eye diagram, which 
represents the received signal, time-shifted by integer multiples of the bit period, and 
overlaid. The eye diagram can be produced on an oscilloscope by applying a baseband signal 
to the vertical input of the oscilloscope and triggering the instrument time base at the symbol 

15 rate. For a binary signal, such an eye diagram has a single 'eye* , which is open or closed to 
an extent determined by the signal degradation, An open pattern is desired, as this provides 
the greatest distance between signals representing a 1 and those representing a 0. Changes in 
the eye size indicate inter-symbol interference, amplitude irregularities, or timing problems, 
such as jitter, depending on the signal that is measured. The value of Q can be used directly 

20 to derive the bit error ratio, and various tecihniques are available for monitoring the Q value. 

These techniques require conversion of flie signal from the optical to the electrical 
domam. One preferred technique involves sweqpii^ the decision threshold of the receiver 
throu^ all voltages from the voltage level corresponding to a zero to the voltage level 
corresponding to a one. For exanq>le, when the decision threshold is near tiie zero voltage 

25 level, there will be no errors in interpreting a "1", even if there is significant distortion. 
There will, however be a greatiy increased error ratio hi interpreting the zeros. Hie Bit 
Error Ratio (BER) is measured for each decision threshold voltage, and by mapping the BER 
values usmg an appropriate function, a strai^ line extrapolation can be used to obtain tiie Q 
value, 

30 This Q value provides an extremely useful measurement tool, for example for locating 

errors in the network, which manifest themselves as a step change in Q value, but whidi may 
not be detectable by other techniques, for exan^le errors resulting from cl^nnel crosstalk. A 


problem arisen that Q cannot be measured without opto-electric conversion circuitry, and 
cannot be measured at arc5)lifier sites without providing additional circuitry. 


Smmoary of the inveiition 

According to a first aspect of the invention, there is provided a WDM optical network 
comprising a plurality of nodes, each node comprising an optical device at which 
multiplexing and/or demultiplexing operations are carried out, one or more optical amplifiers 
being provided between adjac^t pairs of nodes, wherein a first apparatus for optical analysis 
is provMed at the site of a first optical amplifier upstream of I2xe &gt node, a second 
apparatus for optical analysis is provided at the site of a second optical amplifier at the 
downstream ouQ)ut of flie first node, and a third ^aratus for optical analysis is provided at 
the site of a third optical amplifier further downstream of the first node, where knowledge of 
the optical signal to noise ratio (OSNR) is desked. wherein the first, second and third 
apparatus are for measuring the signal level at frequencies both at and in-between tbe channel 
frequencies, and wherein signal levels at the channel frequencies and between the channel 
frequencies at the first, second and third apparatus are used to derive the OSNR at the third 
apparatus. 

This network enables Hie OSNR to be measured accurately at any site in the network, 
using calculations m which noise shaping of the nodes can be fectored hi to the calculation of 
OSNR. The noise shaping iaflnence of the nodes is determined using analysis of the $ignals 
at amplifi^ sites upstream and downstream of the nodes. 

The change in optical signal to iater-channel noise ratio (OSENR) between the first, 
second and third apparatus may be used to derive the OSNR at the third apparatus. 

The optical device may comprise an optical switching arrangement for the routing or 
forwarding of diannels or groups of channels. 

Each optical amplifier in the network may be provided with ^paratus for optical 
analysis, and wherein the noise shapmg of aU nodes is detennined from the apparatus for 
optical analysis at the amplifier sites immediately upstream and downstream of each node, 
This enables the noise shaping throughout the network to be determined. 

The amplifier sites immediately upstream and downstream of a node may comprise 
part of the node- for example the preampUfi^ and postamplifier of tie node. 

Each apparatus for optical analysis may con?)rise a taneable filta: and a signal 
measurement circuit. 


Each node may also be provided with apparatus for measuring a Q value of tJie optical 
signal. The nodes will nse transponders, for wavdength sMfdng, regeneration, or for 
reading header data, and the Q measiurement citcnit may be associated with these 
tranjsponders. The network imy then enable the Q value to be calculated at Mch amplifier 
site using the measured Q values at the nodes in combination with the signal to noise ratios 
for the amplifier sites and the node sites. This enables the Q value to be obtained at all 
locations in the network including the amplifier sites, without requiring opto-electronic 
conversion at the amplifier sites. 

According to a second aspect of the invention, there is provided a method of 
determining the optical s^al to noise ratio at a location in a WDM optical network, the 
network comprising a plurality of nodes comprising an optical switching arrangement for the 
routmg or forwarding of channels or groups of channels, the method conjprisingr 

measuring the optical signal levels at channel frequencies and at inter-channel 
frequencies upstream of each node; 

measuring the optical signal levels at channel frequencies and at inter^amiel 
frequencies downstream of each node; 

measuring the optical signal levels at channel frequCTcies and at inter-channel 
frequencies at the desu^ location; and 

determining the signal to noise ratio at the desired location using the measured values 
thereby taking into account the noise shaping of the nodes. 

The optical signal to mter-cOxannel noise ratio (OSINR) is preferably obtained 
upstream of each node, downstream of each node and at the desired location, and the signal 
to noise ratio is determined at the desired location using the OSINR values. 

According to a third aspect of the invention, there is provided an optical node for use 
in a WDM optical network comprising a multiplexmg and/or denmltiplexnig device, die node 
including a first optical amplifier at an input to the node and a second optical anq)lifier at an 
output of the node, wherein a first apparatus for optical analysis is provided at the site of the 
first optical amplifier and a second apparatus for optical analysis is provided at the site of the 
second optical amplifier, wherein the first and second apparatus are for measuring the signal 
level at frequencies both at and m^between the channel frequencies, and wherein outputs of 
the first and second apparatus are provided as outputs of the node for enabling the OSNR to 
be determined at a location downstream of the node, taking mto account the noise shaping of 
the multiplexing and/or deraultiplexmg device of the node. 


According to a fourfli aspect of the inventioii, there is provided an ^jparatus for 
measuring the optical signal to noise ratio at a location in a WDM optical network, the 
network compiising a plurality of nodes, each node can3$)rising a nmlt^lexing and/or 
demultiplexing device, the apparatus composing: 

an iii^ut for receiving signal level data at frequencies both at and in-between the 
channel frequencies for locations immediately upstream and downstream of each node in the 
path of the optical signal and at the location at which the optical signal to noise ratio is to be 
measured; 

a processor for processing the inputs to determine the OSNR at the location, .taking 
into account the noise shaping of the multiplexing and/or demnltiplexiog device of the nodes 
in the path of the optical signal. 

According to a fifth aspect of the invention, there is provided a network management 
system for determining the optical signal to noise ratio ai locations in a WDM optical 
network, the network con^jrising a pluralitjr of nodes, each node comprising a multiplexing 
and/or demultiplexing device, the system comprising; 

an input for receiving signal level data at frequencies both at and in-between flie 
channel frequencies for locations inmiediately upstream and downstream of each node in the 
network and at locations at which the optical signal to noise ratio is to be measured; 

a processor for processmg the inputs to determine the OSNR at tlie locations, taking 
into account the noise shaping of the multiplexing and/or demultiplexing device of the nodes. 

Brief descrintioa of the drawings 

Eican5)les of the invention will now be described in detail with reference to the 
acconipanying drawings, in which: 

Figure 1 shows an optical network to which the invention may be applied^ and also 
shows the signal frequency spectrum at different locations in the network; 

Figure 2 is used to ej^lain how the optical signal to noise ratio is derived; 

Figure 3 shows optical analysis apparatus used in the network of the invention; and 

Figure 4 shows Q measurement circuitry which can be used at the node sites. 
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Detafled description 

Figure 1 sliows a WDM optical conmunicatious network con^irisiog a plurality of 
iBtercomiected nodes 18, each node compri^iixig an optical switclmig amzi^&meiii 20 for 
perfonniag routing of signals across the network. The nodes are connected together by 
5 optical fibers 22 along which optical amplifiers 24 ace placed. The fibers 22 carry WDM 
optical signals, and each node comprises multiplexing/demultiplexing units 26 which provide 
the diannels of the WDM system on individual fibers to the switching arrangement 20, The 
switching arrangeinent may switch hidividiial channels or else bands of channels. 

The network enables eqnxpment 32 at a soturce node 18a (not shown in £all) to 
10 communicate with equipment 34 at a destination node 18b (not shown in fiill). The 
equipment 32, 34 is any device which provides optical signals for transmission over the 
network or which is provided for receiving signals from the network. 

Bach node 18 may be able to perform a regeneration function for some of the signals 
passing through the node. This involves conversion of the signal from the optical domain to 
15 the electrical domain, with subsequent conversion b^ into the optical domain. The 
regeneration function is typically carried out by transponders, which perfom not only 
receiving and transmitting functions* but also enable wavelength translations to be carried 
out. This enables different sections of the selected path between the source and destination 
nodes to use different carrier frequencies, which may be required by die network 
20 management system, which allocates bandwidth to tha communication paths. 

Although Figure 1 only shows the source and desthiation nodes as providing signals 
to, or taking signals from the network, each node of the network may also have add/drop 
capability. 

Figure 1 also shows the optical spectrum of the WDM signal carried by the fiber 22, 
25 at various locations through the network. Plot 36a shows the large spectral components at 
the channel frequencies, siq^erimposed on a smooth noise floor 38, The plot 36a is the 
spectrum at the output of a first amplifier 24a, and the noise floor 38 represents noise 
introduced by the an:?)lifier 24a, resulting from an^>lified spontaneous emission (ASE). As 
the signal passes through amplifiers 24, the noise floor 38 rises, and the plot 36b represents 
30 the spectrum at the output of amplifier 24b, Although the noise floor is shown as flat, it may 
be heavily shaped. For simplicity, the term "floor" is used in this text to describe any noise 
profile. 
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Wb&a the signals pass through a node 18, they undergo demultiplexing and 
multiplexmg operations at tl^e units 26. These operations result in shaping of the noise flooj: 
3S, and in particular filtering at the inter-chanz^l frequencies. This is shown in plot 36c, 
which shows the output of anq)liflef 24c- As the signal propagates through further 
amplifiers, the noise level tends to increase as further ASE is added, as shown in plot 36d. 
For simplicity, a uniform increase in die noise floor is shown between plots 36c and 36d, 
although in. practice the added aoise will not generally he constant witii respect to 
wavelength. 

The noise undergoes further $haping as the signals pass through additional nodes 18, 
as shown in plot 36e, and the propagation dirough actional amplifita^ 24 again increases 
fliC noise level as shown in plot 36f . 

As described above, a known mefliod of measuring the signal to noise ratio is to 
derive the channel noise level by analysing the inter-channel noise levd. In the case of plots 
36a and 36b, a simple interpolation between the inter-channel noise levels on either side of a 
channel will give an accurate estimation of the channel noise level. Howeva-, when there has 
been noise shaping, as in plots 36c to 36f, the noise no longer has a constant slope, so that 
linear interpolation between the inter-channel noise levels does not give an accurate indication 
of the channel noise level Thus, the OSINR is not an accurate estinmte of Ibe OSN^^ It is. 
however, desirable to obtain signal to noise ratio measurement using analysis of the spectral 
content at inter-channel frequencies, because measurement of the spectral content can be 
carried out relatively easily. 

Figure 2 shows in more detail plots 36b to 36d of Figure 1, to escplain the calculation 
process for evaluating the true optical signal to noise ratio. In order to determine the optical 
signal to noise ratio (OSNR) at a desired location within the network, for exanq}le at the 
output of amplifier 24d represented by plot 36d, the optical signal to inter -channel noise ratio 
(OSINR) upstream of the fnrst node 18, for example at the output of amplifier 24b 
(r^resented by plot 36b), is ast determined. This is derived from measurement of the 
channel signal level A and the channel noise level B, the latter being determined by 
interpolating the hater-channel noise levels Bi and B2 from each side of the dbanneL This is 
still an accurate determination at the amplifier 24b as no noise shaping has yet affected the 
optical signal so tiiat B^(Bi + ^^/2. The OSINR is represented as z in plot 36b. Then, the 
optical signal to inter-channel noise ratio (OSINR) is determined at tiie downstream output of 
die first node 18, in this example at the output of amplifier 24c. This is represented as y in 


plot 36c and is derived ftom the chamel signal level C and the interpolated noise level D. 
The OSINR is also determined at the desired location, which in this exaniple is the output of 
amplifier 24d, This is represented as x in plot 36d and is derived from the channel signal 
level E and the interpolated noise level Finally, the OSNR at tiie desired location, 
5 represented as w in plot 36d, is estimated from the channel signal level E and an estimated 
channel noise level F' whidi takes into account noise shying. 

The use of OSINR values enables the calculation of noise level to take into account 
the general attenuation (or gain) within the systmi. In other words, the noise shaphag can not 
be determined only from measurements of intesr-channel noise levels, but must also take into 
10 account attenuation across the frequency spectrum. The OSINR values take into account the 
signal levels at the channel frequencies, and thereby take account of this attenuation. 

For the sinq>lified case where the signal level at the channd frequency is the same at 
locations 24b, 24c and 24d, as shown schematically in Figure 2, the estimated channel noise 
level F' is obtained as: 

15 F' B +(F*D), and the OSNR is obtamed from E and F. In practice, the OSINR 

values Xf y, z enable the OSNR value w to be obtained even when the general signal levels 
are different at different locations. Of course, OSINR values do not need to be calculated, as 
the OSNR calculation can be derived from the signal measurements (A to F) without actually 
needing to calculate the OSINR values y, z. 

20 Each optical aniplifier in tiie network is provided with the apparatus for measuring 

inter-Kihannel noise level and fi5r measuring the channel signal level, By measuring the 
OSNR be{bre my noise shaping occurs (at the upstream input of the first node), then 
measuring the OSINR at each subsequent amplifier, the amount of noise added to the signal 
by each subsequent amplifier can be determined, and die OSNR at each an5)Ufier calculated. 

25 Although not shown in detail in Figure 1, the upstream and downstream amplifiers 

(for example 24b and 24c) may comprise part of the node itself, for example con^rising a 
pre-amplifler and a post-amplifier. 

Figure 3 shows schematically one possible apparatus enabling the signal level to be 
measured eidier at the channel frequencies or at flie inter-channel frequencies, At the ou^ut 

30 of the amplifier 24, a splitter 40 is provided, which rou^ a proportion of tie signal to a 
tuneable filter 42, the output of which is subjected to signal measurment. for exan^le using 
a photodiode arrangement 44, Optical signal measurement may also be carried out using a 
Fabiy-Perot interferometer sensor. Other optical spectrum analysis tedmiques wiU be well 
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known to those skilled in flie art, and tlie mveanion can be ing>lein«nted by any such 
apparatus providing it can be tuned to measure signal levds at channel and inter-channel 
frequencies. 

As discussed above, a parametw whidi is increasingly being used for repiesentiiig die 
performance of optical networks is Hxe Q value. This can be measured after convCTsion from 
the optical domain to the electrical domain, and is th««fore easily carried out at regenerator 
sites, within the nodes 18. 

Figure 4 shows a possible Q measurement circuit which can be used at the regenerator 
site. The receiver 60 of a regenerator supplies the signal to a dock extraction circuit 62, 
which clocks the decision drcuits of the Q measurement circuitry. The clock extraction 
circuit 62 can provide adaptive clock recovery, so that the error measurement is bit rate 
independent. The error ratio is obtained by comparing the measured signal from one 
decision circuit Dl (essentially a comparator) which uses a fixed decision threshold VfocBn 
(the normal operating point for the decision threshold of the diannd) wifli the measured 
signal from another decision circuit B2 which uses a variable decision tbre^ld Vvarmuj. 

The variable decision threshold scans various values, in known manner. The further 
the decision threshold is from the centre of the eye. the higher the error ratio that is 
measured. 

The two measured signals are supplied to an XOR element 66 which provides an 
output pulse when the inputs are different. Each output pulse represents an error, which 
assumes the normal operating pomt Vrxed provides an error free signal, so that all 
differences to this are errors. The pulse rate is measured to obtahi the BER (bit error ratio) 
for different decision threshold voltages. These BER values can be used to detennine the Q 
value, essentially by a process of extrapolation, and this process will be well known to those 
sMned in the art. ffigh error ratio counts are of course less accurate than low error ratio 
counts if the errors cross the normal decision threshold. However, in this case, there are still 
many more errors from the conqjarator with the offset threshold than the comparator with the 
normal threshold allowfaig the estimation of Q to remain reasonably accurate. 

The output of the fixed threshold decision circuit provides the normal receiver output 
68, which is then used to drive the transmitter of the converter, either at the same or a 
different Optical frequency (d^endhig on whether frequency translation is required). 

This Q measuremant circuitry can be provided at each node. However, the amplifiers 
24 do not require opto-electric conversion, and therefore do not have the required receiver 
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60. However « the acairate knowledge of the optical sigaial to noise ratio at each axmplifler 
site enables the Q vaLut at that site also to be detennined. This involves comparing the 
optical signal to noise ratio at the amplifier site wiflbi the OSNS. at tb& preceding node» at 
which the Q value is known. The degradation of the OSHR can then be used to modify the Q 
value, to provide a reasonably accurate estimation of the Q value at the amplifier site. 

It should be apprec^ted by those skilled in the art Uiat tiie detennination of the Q 
value throughout the network is eniirely opticmal, and in many cases &ult detection and 
location can be based solely on the optical signal to noise ratio calculations at each site within 
the network. 

As will be apparent from the above description, the calculation of the OSNR at any 
location require data to be provided to that location relating to signal measurements 
upstream and downstream of the nodes in the path of the signal to that location. This may be 
coordinated by a network management system, shown scbemarically as 39 in Figure 1, The 
system receives inputs from all of the locations at wMck OSNR is required, and from all of 
the locations upstream and downstream of each rtode. Only three mpats to tie network 
management system 39 are shown in Figure 1 for clarity. The network management system 
includes software for performing the analysis of the inputs in order to calculate the OSNR at 
each location. 

Alternatively, a distributed system may be ing)lemanted, by which each node passes 
on the measurements upstream and downstream of the node to the next node in the signal 
path. This information may, for example, be carried by the Optical Service Channel. In the 
distributed system, each amplifier site at which OSNR is to be calculated will include a 
processor apparatus having an input for receiving signal level data at frequencies bolii at and 
in-between the channel frequencies for locations immediately upstream and downstream of 
each n£^e in the path of the optical signal and at the location at which the optical signal to 
noise ratio is to be measured. The processor will process the inputs to determine the OSNR 
at the location, taking into account the noise shaping of the multiplexing and/or 
demultiplexing device of the nodes in the path of the optical signal. 

Various modifications will be apparent to those skilled in the art. 


